We previously reported that the spirochete Borrelia burgdorferi could trigger autoimmune thyroid diseases (AITD). Subsequently, we showed local amino acid sequence homology between all human thyroid autoantigens (human thyrotropin receptor [hTSH-R], human thyroglobulin [hTg], human thyroperoxidase [hTPO], human sodium iodide symporter [hNIS]) and Borrelia proteins (n ϭ 6606), and between hTSH-R and Yersinia enterocolitica (n ϭ 1153). We have now updated our search of homology with Borrelia (n ϭ 11,198 proteins) and extended our search on Yersinia to the entire species (n ϭ 40,964 proteins). We also searched the homologous human and microbial sequences for peptide-binding motifs of HLA-DR molecules, because a number of these class II major histocompatibility complex (MHC) molecules (DR3, DR4, DR5, DR8, and DR9) are associated with AITD. Significant homologies were found for only 16 Borrelia proteins (5 with hTSH-R, 2 with hTg, 3 with hTPO, and 6 with hNIS) and only 19 Yersinia proteins (4 with hTSH-R, 2 with hTg, 2 with hTPO, and 11 with hNIS). Noteworthy, segments of thyroid autoantigens homologous to these microbial proteins are known to be autoantigenic. Also, the hTSH-R homologus region of one Borrelia protein (OspA) contains an immunodominant epitope that others have found to be homologous to hLFA-1. This is of interest, as the hLFA-1/ICAM-1 ligand/receptor pair is aberrantly expressed in the follicular cells of thyroids affected by Hashimoto's thyroiditis. A computer-assisted search detected antigenic peptide binding motifs to the DR molecules implicated in AITD. In conclusion, our in silico data do not directly demonstrate that Borrelia and Yersinia proteins trigger AITD but suggest that a restricted number of them might have the potential to, at least in persons with certain HLA-DR alleles.
Introduction
T HE TRIGGERING ROLE of infections in autoimmune diseases (AID) is a hot topic even in major journals of large and diverse readership (1) (2) (3) (4) . In a previous paper (5), we presented a case of association of lichen sclerosus and Hashimoto's thyroiditis, hypothesizing that a precedent infection by Borrelia burgdorferi could have triggered both diseases, and indeed B. burgdorferi is suspected to trigger a number of AID (6) . Recently (7), we have shown local amino acid sequence homologies between human thyrotropin receptor (hTSH-R) and proteins from either the spirochete Borrelia (B. burgdorferi and B. garinii) or the enterobacter Yersinia enterocolitica. For Borrelia, we also showed local homologies with the other human thyroid autoantigens: thyroglobulin (hTg), thyroperoxidase (hTPO), and sodium iodide symporter (hNIS). The possible role of Y. enterocolitica in thyroid autoimmune diseases (AITD), particularly Graves' disease, is known to thyroidologists (8) (9) (10) .
We have continued our work, based on computer-assisted analysis of amino acid sequences to detect homologies between each human thyroid autoantigen and protein from either Borrelia or Yersinia. Repetition of the homology search with Borrelia proteins was because of the many new sequences deposited (11, 198 as of September 2005, compared to 6606 approximately 1 year ago). Such an increase confirms the great interest of scientists for this spirochete. Search of homology with Yersinia proteins (n ϭ 40,964 sequences as of September 2005) was because in our previous paper (7) we probed Y. enterocolitica only (n ϭ 1257 sequences) and hTSH-R only.
Moreover, because possessing certain HLA alleles, particularly of the class II (DR), confers a genetic risk to the development of AITD, we probed all the regions of homology between thyroid autoantigens and proteins of Borrelia or Yersinia for binding motifs to all HLA-DR molecules and associated binding of the DR-peptide complex to the T-cell receptor.
Materials and Methods
To perform homology search, we first extracted the amino acid sequence of hTSH-R, hTg, hTPO, hNIS, and all Borrelia and Yersinia proteins (11,198 and 40,964 sequences, respectively) from the Entrez Protein database of National Center for Biotechnology Information (NCBI). Next, we used the software NCBI BLAST (Basic Local Alignment Search Tool) (11) to compare each thyroid autoantigen with all Borrelia or Yersinia proteins. Finally, we correlated the position of these regions of homology in hTSH-R, hTg, hTPO, and hNIS with the corresponding regions of autoantigenicity (T-cell epitopes) as reported in the literature (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) . For sake of completeness, the position of the B-cell epitopes was also considered.
We also searched for peptide binding specificity; that is, possession of amino acid sequence binding motif(s) to a given HLA molecule and corresponding T-cell receptor recognition and binding of the HLA-peptide complex. The search was limited to the HLA-DR molecules for the reasons described in the Discussion section. The motifs were extracted from the HLA ligand/motif database (12) and are listed in Table 1. Because peptides presented by class II HLA  molecules are typically approximately 20 residue long (33), we fixed a limit of 20 residues, so that the peptide containing the HLA-DR motif(s) had to be 20 residues long or more.
Using a string comparison software, we searched for each of the above motifs in each thyroid autoantigen and each homologous protein thereof, and recorded the number of copies detected.
To control for false-positive homologies, we repeated our searches for sequence homology and possession of HLA-DR binding motifs on one of the enterobacters par excellence: Escherichia coli. Of note, the number of sequences of E. coli deposited is 89,846. However, because E. coli appears to have some role in autoimmune diseases (34) (35) (36) (37) , including perhaps AITD (38), we randomly selected three microbes from different families which, as per a computer search run in September 2005, had no involvement with autoimmunity. The three microbes are Haemophilus parainfluenzae, Pneumocystis carinii f. sp. ratti, and Clostridium histolyticum.
Results

Amino acid sequence homologies
The homologies found are illustrated in Figure 1 (TSH-R and Tg) and Figure 2 (TPO and NIS).
As reported in our previous paper (7), hTSH-R is homologous to only five proteins of Borrelia (four of B. burgdorferi, 
a Motifs were extracted from the "HLA ligand/motif database" (see Sathiamurthy et al. [12] ). Motifs for HLA DR10 and DR16 (a split of DR2) have not been characterized yet. one of B. garinii) and four proteins of Yersinia enterocolitica ( Fig. 1, top) . Identity with Borrelia proteins is between 27 and 50% and similarity is between 40% and 75%, while identity with Yersinia proteins is 23%-31% and similarity is 40%-48%. Seven of the nine homologous segments of hTSH-R lie in its extracellular domain. Of interest, the segment 319-363, which is homologous to exopolygalacturonase of Y. enterocolitica, essentially coincides with the so-called C peptide region that is removed from the hTSH-R upon intramolecular cleavage. The homology with an hypothetical protein of B. burgdorferi spans a slightly longer sequence (amino acids 299-383). Five homologous segments of hTSH-R contain at least one region reported in literature as autoantigenic, and three (amino acids 127-150, 620-697, 684-749) contain only a part of autoantigenic regions.
As reported previously (7), hTg was homologous to only two proteins of Borrelia (ribosomal protein S12 of B. burgdorferi and vlp25 gene homologue of B. duttonii), with identity values of 30 and 37%, and similarity of 46 and 49% (Fig. 1,  bottom ). This figure also shows the only two homologies with Yersinia proteins that we detected: a hypothetical protein of both Y. pestis and Y. pseudotuberculosis, and Yts1H protein of Y. enterocolitica; identity was 27 and 38% and similarity 37 and 50%. Matches were clustered toward the carboxy-terminal of hTg, and flanked or overlapped the acetylcholinesterase-like domain. The three most C-terminal segments of hTg contained at least one T-cell epitope and one B-cell epitope, while the most N-terminal segment (amino acids 1836-1904) contained only one B-cell epitope, which is indicated as E in Figure 1 .
Concerning hTPO, we found matches with three proteins of Borrelia (identity 28%-48%, similarity 49%-59%) and with two proteins of Y. pseudotuberculosis (identity 24 and 25%, similarity 39 and 41%) (Fig. 2, top) . Homology with the hypothetical protein of B. hermsii was not reported in our previous paper (7) because it was not contained in the NCBI Entrez Protein data bank at the time we had run the computer search (7). All five homologies fell in the extracellular part of TPO, precisely in the animal heme peroxidase domain. The three most C-terminal segments of TPO contained the T-cell epitope within amino acids 625-644 and part of the discontinuous B-cell epitope within the immunodominant region B at amino acids 599-642. Segment 302-412 contained part of the discontinuous B-cell epitope of the immunodominant region B within amino acids 353-386 and flanked the T-cell epitope at residues 420-434. The segment 174-232 contained part of the discontinuous epitope of the immunodominant region A at amino acids 210-225 and the T-cell binding epitope at amino acids 211-223.
The greatest number of matching bacterial proteins, most of them being transporters, was found for hNIS: 3 of B. burgdorferi, 3 of B. garinii, 10 of Y. pestis/pseudotuberculosis (proteins identical between the two species of Yersinia), and 1 of Y. enterocolitica (Fig. 2, bottom) . Previously, we detected only two matches concerning B. burgdorferi proteins: amino acids 6-272 of panthotenate permease and amino acids 179-244 of an integral membrane protein (7) . Identity ranged from 20%-52% (Borrelia proteins) and 18%-31% (Yersinia proteins), and similarity 44%-66%, and 35%-53%, respectively. All but two matches were located toward the N-terminal part of hNIS (amino acids approximately 20-450), and the intracellular domain was spared.
A correlation of the location of these homologies with the location of autoantigenic domains of hNIS cannot be performed because such domains have not been precisely defined.
Peptide-binding specificity (peptide motifs bound by HLA-DR molecules and T-cell receptor) in the region of homology between thyroid autoantigens and proteins of Borrelia or Yersinia
The presence of these peptides and their number of copies, based on the computer-assisted search of the motifs described in the Materials and Methods section, are presented in detail in Table 2 (Borrelia) and Table 3 (Yersinia), and summarized in Figure 3 .
As reported in the Discussion, HLA-DR3 (Caucasians, African Americans), DR8 and DR9 (Japanese and Chinese patients) are risk factors for Graves' disease, while DR3, DR4, DR5 and, in Chinese, DR9 are risk factors for Hashimoto's thyroiditis.
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FIG. 3.
Mean number of copies of peptide binding motifs for the indicated HLA-DR molecules in the thyroid autoantigens and Borrelia (top) or Yersinia (bottom) proteins. For details, see Table 2 (Borrelia) and Table 3 (Yersinia). Sequence of the motifs is specified in Table 1 . Motifs for DR10 and DR16 (a split of DR2) have not been characterized yet.
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The sequence span and degree of homology is shown in Figure 1 (hTSH-R and hTg) and Figure 2 (hTPO and hNIS). TSH-R, thyrotropin receptor; Tg, thyroglobulin; TPO, thyroid peroxidase, NIS, sodium iodide symporter; SEM, standard error of the mean.
Bb, Borrelia burgdorferi; Bd, Borrelia duttonii; Bg, Borrelia garinii; Bh, Borrelia hermsii. Sequence of the motifs is specified in Table 1 . Motifs for DR10 and DR16 (a split of DR2) have not been characterized yet.
Binding motifs for DR3, DR4, DR5, DR8, and DR9 are present in 15 (94%), 13 (81%), 7 (44%), 12 (75%), and 13 (81%) of the thyroid-autoantigen homologous regions of the Borrelia proteins. The corresponding numbers for Yersinia are 19 (100%), 18 (95%), 7 (37%), 17 (89%), and 18 (95%).
The number of motif copies is consistently greater in the regions of homology of thyroid autoantigens with Yersinia than those with Borrelia (Fig. 3) . Considering these microbial regions, the number of motifs is the greatest for DR3, DR7, and DR4 (Borrelia), and DR4, DR9, DR1, DR3, and DR7 (Yersinia). The fewest copies are observed for DR5 and DR6 in proteins of either microbe (Fig. 3) .
Comparison of data on Yersinia or Borrelia with data on other microbes
These data are summarized in Tables 4 through 6. Table  5 shows that only Yersinia and Borrelia had proteins that matched all four thyroid autoantigens.
The best "performance" of Yersinia and Borrelia is evident when homologous tracts corresponding to immunogenic portions of each thyroid autoantigen are considered (Table  5) , the exception being only one of the four matches between Yersinia proteins and TSH-R (compare Table 5 to Table 4 ). With this criterion three microbes featured a match with only one or two thyroid autoantigens.
The superiority of Yersinia and Borrelia is reinforced by data in Table 6 . Concerning relevant HLA-DR binding motifs (DR3, DR4, DR8, DR9) in microbes other than Yersinia and Borrelia, the most frequent pattern was lack of motifs in both the microbial and the thyroid autoantigenic counterpart. This pattern is shown by the empty boxes in Table 6 , and it stems from the data shown in Table 5 , namely the absence of homology between the microbial and human proteins. Of note, regardless of the HLA-DR allotypes this lack of motifs concerned TSH-R, which is the autoantigen relevant for the pathogenesis of Graves' disease; the single exception was H. parainfluenzae. When motifs were present, their average number of copies was greater in the case of Yersinia and Borrelia than in the case of the other microbes (Table 6 ).
In summary, both Yersinia and Borrelia outperform consistently the other microbes tested in silico.
Discussion
Epithelial cells from a normal thyroid do not express HLA class II molecules (DR, DQ, DP), but those from patients with AITD do (39, 40) . HLA class II molecules are critical in the initiation of the adaptive immune responses, as they present peptide antigens to the T cells. CD4 ϩ T cells, through their T-cell antigen receptor, recognize small linear peptides only when these peptides are attached to the binding grove of an appropriate HLA class II molecule (33) . In general, the antigens presented by class II molecules are derived from the degradation of proteins of pathogens present in the extracellular spaces. After activation by antigen presentation, CD4 ϩ T cells release cytokines and help B cells to produce antibodies. More than 2000 different peptides are estimated to bind an HLA class II allotype within a cell (33) . Peptide specificity to a given HLA molecule is based on possession of an amino acid sequence motif (or motifs). However, the T cell epitope (that is, the shortest sequence recognized by the T cell receptor) has to be determined experimentally. According to the molecular mimicry hypothesis, during an infection T cells that recognize both a microbial antigen and a similar self-peptide become activated and cause autoimmune disease.
AITD are complex disorders, in that susceptibility genes and environmental triggers act in concert to initiate the autoimmune response to the thyroid (41, 42) . HLA genes are only part of the contributing genes, and most likely they are modulating genes rather than primary susceptibility genes (42) , while infection by microorganisms (not necessarily at a clinically manifest level) is one of the environmental triggers (5, (7) (8) (9) (10) 43) .
Positive association with (or risk for) Hashimoto's thyroiditis is conferred by HLA-DR3, DR4, DR5 and, in Chinese, by DR9 (41, 42, 44) , while positive association with Graves' disease is conferred by HLA-DR3 and, in Asians, DR8 and DR9 (41) . A positive association exists also for DR2 in Graves' disease patients of some Chinese groups (45, 46) and of the Italian island of Sardinia (47); interestingly, in such patients (46, 47) , DR3 is protective. DR4 is positively associated with certain subgroups of patients with Graves' disease, regardless of ethnicity (48) (49) (50) (51) (52) (53) . In contrast, a negative association Tables 2 and 3. H, human protein; M, microbial protein(s); Tg, thyroglobulin; TPO, thyroid peroxidase; TSH-R, thyrotropin receptor.
(protection) is conferred by DR7 (54, 55) and, in Asians, DR1 (56, 57) . However, DR7 is a risk factor in particular ethnic groups (58) and in HLA-B8ϩ ophthalmopathic Graves' patients (59) . Similar relationships between HLA-DR and Borrelia or Yersinia infection are to be taken into account for interpretation of our data on peptide binding by HLA-DR molecules and T-cell receptor. Based on a MEDLINE search done in September 2005, such relationships concern DR1, DR2, DR3, DR4, and DR7 (60) (61) (62) (63) (64) (65) . In 118 Russian patients with reactive arthritis, which is known to be triggered by intestinal infection by Yersinia enterocolitica, Salmonella, Campylobacter spp or genitourinary infection by Chlamydia, HLA-DR1 was overrepresented (60) . In patients with Lyme disease, DR1 was most frequently associated with an anti-B. burgdorferi seronegative phenotype while DR7 was associated with the anti-B. burgdorferi seropositive phenotype (61) . DR7 is also positively associated with neuroborreliosis that involves the central nervous system (62) . HLA-DR2 and DR3 are associated with a less severe course and less complications by B. burgdorferi infection, and both allotypes prevail in the clinically asymptomatic infection (63) . The majority of patients with antibiotic therapy resistant Lyme arthritis are DR2ϩ or DR4ϩ or both, and the duration and severity of their arthritis correlate with cellular and humoral responses to OspA of the spirochete (64, 65) .
In a computer search, the immunodominant epitope of OspA (amino acids 165-173) was found to be homologous to only one human protein that had predicted binding to DR4 (DRB1*0401): the human lymphocyte function associated antigen-1 (hLFA-1) (65) . Of interest, the ligand/receptor pair hLFA-1/ICAM-1 is aberrantly expressed in follicular cells of the thyroids affected by Hashimoto's thyroiditis (66) . It is therefore worth of noting that, as shown in Figure  1 (top), we found that sequence 134-221 of OspA matches sequence 112-205 of TSH-R, and that these two homologous regions contain binding motifs for all DR allotypes, the greatest number of copies in OspA (n ϭ 8) and in TSH-R (n ϭ 12) concerning DR3 and DR4, respectively. In addition, amino acids 112-205 of TSH-R contain both T cell and B cell epitopes (Fig. 1, top) .
The association of either AITD with a number of HLA-DR allotypes (as opposed to just one predisposing and one protecting in either AITD) and the overlap of most of these DR allotypes with certain phenotypes of the Yersinia or Borrelia infections somehow complicate interpretation of our findings on peptide binding. In addition, there is the existence of the epitope capture mechanism by a protective HLA-molecule even in the presence of a strongly disease-predisposing HLA molecule (dominant protection) (67, 68) . Based on this mechanism, both the disease-favoring and the diseaseprotective HLA molecules bind the same antigenic peptide (and associated T-cell epitope), but the latter a great deal more because, for instance, of greater affinity. Hence, little or no epitope will be presented by the disease-favoring HLA molecule to the autoreactive T cells. Our finding of essentially the same number of copies of binding motifs for DR3 (generally, a risk factor for Graves' disease) and DR7 (generally, a protective factor for Graves' disease) is not unexpected in view of the epitope capture mechanism. The presence of few copies of binding motifs for DR6 (especially in the case of Yersinia) is consistent with the neutral role of this class II molecule in both AITD and Borrelia or Yersinia infections. On the other hand, our finding of the fewest copies of binding motifs for DR5, regardless of pathogen, suggests that Borrelia and Yersinia proteins should not belong to the environmental factors that trigger AITD in HLA-DR5-positive persons.
In conclusion, our in silico data do not demonstrate that infection by Borrelia or Yersinia triggers AITD. Experimental demonstration requires studies such as responses of T cells from Graves' disease or Hashimoto's thyroiditis patients to some of the Borrelia or Yersinia peptides that share sequence homology with thyroid autoantigens. More simply, we have identified a restricted number of proteins of either pathogen that are worth of being tested, in future studies, as potential triggers for AITD through molecular mimicry with thyroid autoantigens, at least in individuals who are genetically predisposed based on their HLA-DR allotype.
